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New altitudinal records for, and ecomorphic variation in, two
freshwater sponges (Porifera: Spongillidae: Spongilla lacustris
and Ephydatia muelleri) from a Colorado, USA, alpine lake
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ABSTRACT.—The primary objective of this article is to report the co-occurrence of Spongilla lacustris (Linnaeus 1759)
and Ephydatia muelleri (Lieberkühn 1855) in an alpine Colorado lake whose altitude of 3580 m represents new elevation maximums for these sponges for Colorado and for the whole of North America. A secondary objective was to characterize the physicochemical conditions of the lake water. For many limnological parameters, heavy metals, and metalloids, new minimums are recorded, particularly for E. muelleri. Ecomorphic variation of atypical gemmuloscleres for
E. muelleri and S. lacustris is documented with SEM micrographs. Even though all the encrusted “white colonies” of
both species were <23 mm in maximum dimension, each contained mature gemmules. The presence of both species in
an ultraoligotrophic lentic site indicates the sponges’ ability to colonize and persist in cold, pristine, low-solute habitats.
RESUMEN.—El objetivo principal de este artículo es reportar sobre la co-ocurrencia de la Spongilla lacustris (Linnaeus 1759) y de la Ephydatia muelleri (Lieberkühn 1855) en un lago alpino de Colorado, cuya altitud es de 3580 m,
que representa un nuevo máximo altitudinal en Colorado y en toda América del Norte. El objetivo secundario de este
artículo es caracterizar las condiciones fisicoquímicas del lago. Registramos nuevos mínimos de los parámetros limnológicos, particularmente metales pesados y metaloides en E. muelleri. A través de micrografías SEM (por sus siglas
en inglés), documentamos la variación ecomórfica de gémulas atípicas de E. muelleri y S. lacustris. A pesar de que,
todas las “colonias blancas” enquistadas en ambas especies fueron <23 mm, cada una contuvo gémulas maduras. La
presencia de ambas especies en sitios lénticos ultraoligotróficos indica la capacidad de las esponjas de colonizar y permanecer en hábitats fríos, prístinos y de baja solubilidad.

Worldwide extant species of freshwater
and brackish sponges number about 236 in
the phylum Porifera: order Spongillida, with
approximately 31 species in the families
Metaniidae, Potamolepidae, and Spongillidae known from North America (Manconi
and Pronzato 2008, 2015, 2016b, Reiswig et
al. 2010, Copeland et al. 2015), 30 from the
United States (Smith 2001), and only 4 from
Colorado (Penney 1960, Williams 1977,
1979, 1980).
Since 1964, the senior author has collected freshwater sponges throughout Colorado, focusing primarily on montane lentic
and lotic habitats. Our primary objective was
to document the distribution, ecology, and
limnological conditions for Colorado spongillids relative to extremes in elevation, temperature, and water quality. In this paper we

report the occurrence of sponge species from
an alpine lake whose elevation is greater than
elevations reported in any previous North
American or European sponge records.
METHODS
Study Area
During the fall (September to October) of
1989–1992, we collected small colonies of
sponges from under laminar rocks along the
south shore of Upper Sand Creek Lake
(USCL) at an intermittent inlet site (Figs. 1,
2). USCL is a pristine 10.6-ha alpine lake at
3580 m elevation (37.94194° N, 105.53861° W)
at a location now within the Great Sand
Dunes National Park and Preserve (GRSA),
Colorado, USA, in the Sangre de Cristo
Range of the southern Rocky Mountains.
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Fig. 1. Upper Sand Creek Lake (USCL) facing southwest. Red arrow indicates sponge collection site.

Specimen Collection and Preparation
Each sponge was scraped from the rocks
with a stainless steel scalpel, placed in a
small (65-mm-diameter) petri dish, returned
to the Aquatic Research Center at Colorado
State University–Pueblo, and dried at 32 °C
for 15 d.
Spicular suspensions were prepared using
warm nitric acid to digest about 10%–20% of
each dried sponge, followed by 5 rinses of
distilled water, 50% ethyl alcohol, and 95%
ethyl alcohol. After 2 changes of absolute ethyl
alcohol, the spicule suspension was pipetted
to glass slides and Euparal was applied as a
permanent mounting medium. After 30 d on
a slide drying table, 20 spicules of each type
for each species were observed and measured using a calibrated ocular micrometer
on a compound light microscope (LM).
Two drops of the spicule suspension were
pipetted to a 12-mm round cover glass, which
was then mounted on an aluminum stub. All
stubs were placed in a vacuum dessicator for

14 d, then each was sputter-coated with goldpalladium for 3 min with a Fullam model
EMS-76M unit. We generated photomicrographs of various spicules at magnifications
of 1290× to 5100× using an ISI SR-50A
Scanning Electron Microscope (SEM). Voucher
specimens will be deposited in the invertebrate collection of the University of Colorado–
Boulder Museum.
Collection and Processing of Water Samples
Temperature and specific conductivity (EC)
were measured in the field with a YSI model
30 temperature-conductivity probe. Three
subsurface (0.25 m) water samples at the outlet and 2 other selected shore sites around
Upper Sand Creek Lake (Supplementary
Material 1) were collected, placed on crushed
ice, and returned to the Aquatic Research
Center (ARC) at Colorado State University–
Pueblo (CSU–Pueblo) for immediate processing and analysis of metals, metalloids, cations,
anions, and nutrients. Ultrapure (18.2 MΩ)
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Fig. 2. Upper Sand Creek Lake (USCL) facing northeast. Red arrow indicates sponge collection site.

laboratory water samples were transported
to the lake and handled exactly like a lake
sample, thus providing field blanks for quality control. Each raw water sample was
divided into two 30-mL fractions using a
Becton Dickinson (B-DTM) 60-mL syringe
(#301035); the total (T) fraction represented
30 mL of untreated raw water and the dissolved (D) fraction represented 30 mL of raw
water passed through a PhenexTM RC membrane syringe filter (0.45-mm pore size, 26-mm
diameter) attached to the B-D syringe. The
total (T) and dissolved (D) fractions from
each sample and each field blank were preserved with Optima ultrapure HNO3 and
stored at 4 °C until analysis.
The anionic and cationic compositions of
lake water at 3 sites were analyzed using
multiple standard methods, including automated flow injection analyzers, ion chromatography (IC), inductively coupled plasma
mass spectrometry (ICP-MS), and specific
(electrical) conductivity probes (EC). Concen-

trations indicated as parts per million (ppm)
are considered equivalent to milligrams per
liter (mg/L). An Agilent 7500ce ICP-MS at
CSU–Pueblo was used to analyze the acidified water samples for concentrations of Hg,
Se, Na, K, Mg, Ca, V, Cr, Mn, Co, Ni, Cu,
Zn, As, Mo, Cd, Ba, Pb, and U following the
U.S. EPA 200.8 protocol (USEPA 2008).
Operating conditions for the ICP-MS are
cited in Supplementary Material 2. Multielement external environmental standards
and internal standards were purchased from
Inorganic Ventures and diluted in 1% HNO3
and 0.5% HCl before analysis. Analytical
quality assurance was confirmed using a
duplicate sample of every 10th analysis; laboratory blanks were included in each analytical series. The quantitative analysis technique
known as standard additions was used to
check for matrix effects during ICP-MS operations. The anions Cl−, F−, NO3−, and SO42−
were analyzed at CSU–Pueblo using nonacidified raw water by ion chromatography (IC)
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using a Thermo ICS-5000 HPI. The concentration of HCO3− was determined by Hach
digital titration to a pH of 4.9. Dissolved
ammonia was measured with an ammoniaspecific ion electrode. All water samples were
negative for carbonate alkalinity at pH 8.3.
Louise O’Deen completed analyses of silica
and phosphorus at the United States Department of Agriculture (USDA) Rocky Mountain Forest and Range Experiment Station
(Fort Collins, CO) using an automated flow
injection analyzer (EPA method 370.1 for
SiO2 and EPA method 365.3 for PO43−).
RESULTS AND DISCUSSION
Sponge Collection Data
During September and October 1989 to
1992, 2 species of freshwater sponges were
collected from Upper Sand Creek Lake
(USCL). The sympatric co-occurrence of
Spongilla lacustris (Linnaeus 1759) and Ephydatia muelleri (Lieberkühn 1855) in a cold
oligotrophic lentic site was unexpected. Both
species in the family Spongillidae have
Nearctic and Palaearctic geographic ranges
(Manconi and Pronzato 2000, 2007, 2016a).
Records of S. lacustris from Mexico and
Mesoamerica were cited by Old (1936) and
Rioja (1953a, 1953b); however, none could
be found for E. muelleri. Bushnell (1971)
indicated there is “limited information about
freshwater sponges” from Mexico. Williams
(1980) reported collecting S. lacustris and E.
muelleri from sites whose maximum elevations in Colorado were 3109 m and 3243 m,
respectively; however, Smith (1921) recorded
S. lacustris from West Forest Lake (elevation
3290 m) close to Tolland, Colorado. Four of
14 sponges were S. lacustris, and the other
10 were E. muelleri. Even though the maximum dimension of all the encrusting sponges
never exceeded 23 mm (E. muelleri), the
mean maximum for S. lacustris was 10.5 mm
and for E. muelleri was 16.2 mm. We saw no
differences between the growth forms and
color (whitish-gray) of the 2 species. All 14
sponges, growing on the undersides of flat
rocks with sufficient space between them,
could be described as “white sponges”
according to Skelton and Strand (2013); the
sponges lacked zoochlorellae or algal symbionts, and their primary nutritional food
base was apparently planktonic organisms,

dissolved organic matter (DOM), and particulate organic matter (POM). Contrary to Frost
et al. (1982), none of the 4 S. lacustris sponges
were found on soft bottom substratum or
associated with macrophytes. Francis et al.
(2016) found these 2 species occurring sympatrically in Lake Constance in Germany
and reported that the entire mitochondrial
genome showed 99% identity. Many investigators (Ricciardi and Reiswig 1993, RichelleMaurer et al. 1994a, 1994b, Lauer and Spacie
1996, Økland and Økland 1996, Lauer et al.
2001, Pronzato and Manconi 2001, Lopp et
al. 2007) have reported Holarctic co-occurrences in the same habitat and often on the
same substrate. Dröscher and Waringer (2007)
found both species coexisting in the Austrian
Danube and assigned a Sørensen index value
of 0.56 to the pairing. Additionally for Colorado sponges, Williams (1977) stated, “It is not
at all uncommon to find one sponge species
growing within or on another.” According to
Manconi and Pronzato (2015), epibiosis is
very frequently observed. Hall and Herrmann
(1980) found both species co-occurring in
carbon-dated sediment cores of a Colorado
semidrainage lake (elevation 3100 m) from
about 7080 years ago to the present. Interestingly, Eunapius fragilis (Leidy 1851) was also
present in some core varves with S. lacustris
and E. muelleri.
Extreme Altitudinal and
Latitudinal Occurrences
Since elevation of sites is thermally comparable to latitude, reports by Ricciardi and
Reiswig (1993) and Økland and Økland
(1996) were useful in evaluating cold thermal
regimes of the 2 Colorado species. Ricciardi
and Reiswig (1993) found E. muelleri “common in subarctic lakes (approximately 55° N)”
in Quebec, while Økland and Økland (1996)
collected it from 10 of 609 localities north of
the Arctic Circle, with the northernmost site
a global maximum at 70°28N. Interestingly,
Økland and Økland (1996) also reported an
elevational maximum for this species of 1030
m, which was a maximum for northern Europe.
They also collected S. lacustris from 62 of
609 sites north of the Arctic Circle, of which
one was a global maximum at 71°03 N. In
Norway, the site with the highest altitude for
S. lacustris was 1397 m. In the California
Sierra Nevada range of Sequoia National Park

Megascleres
Length
Width
Microscleres
Length
Width
Gemmuloscleres (normal)
Length
Width
Rotule diameter
Gemmuloscleres (single extended shaft)
Length
Width
Rotule diameter
Gemmuloscleres (double extended shaft)
Length
Width
Rotule diameter

Spicule type and dimensions
10.3
0.6
2.0
0.2
8.5
0.9

276.7
11.0
78.4
4.5
72.1
5.8

46.7–125.6
3.3–7.3

0.6
0.1
0.6
0.5
0.1
0.7
1.1
0.2
0.8

23.8
3.6
18.1
30.7
3.8
16.5

10.3
0.6

17.1
3.9
18.7

273.2
8.3

23.1–38.0
3.0–5.0
9.9–23.1

19.8–29.7
3.0–4.3
13.2–23.1

13.2–23.1
3.0–5.0
13.2–23.1

182.5–335.8
4.4–13.1

Ephydatia muelleri
___________________________________________
Mean
SE
Range

♦

70.1–90.5
3.3–5.9

197.1–343.1
5.8–14.6

Spongilla lacustris
___________________________________________
Mean
SE
Range

TABLE 1. Spicule dimensions (mean, standard error, and range in mm; n = 20) of 2 sponge species from Upper Sand Creek Lake (USCL), Colorado.
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Fig. 3. (a) SEM micrograph, normal Ephydatia muelleri megascleres (M) and gemmulosclere (g) from Upper Sand
Creek Lake (USCL); (b) SEM micrograph, abnormal Ephydatia muelleri “T”-end megasclere (M) from USCL; (c) SEM
micrograph, normal gemmulosclere (g) of Ephydatia muelleri from USCL; (d) SEM micrograph, abnormal gemmulosclere (g) of Ephydatia muelleri from USCL, with branched ray; (e) SEM micrograph, abnormal gemmulosclere (g) of
Ephydatia muelleri from USCL, with short axial extension of rotule shaft; (f) SEM micrograph, abnormal gemmulosclere (g) of Ephydatia muelleri from USCL with long acerate axial extension of rotule shaft; (g) SEM micrograph,
abnormal gemmulosclere (g) of Ephydatia muelleri from USCL, with long acerate axial extension with many spines;
(h) SEM micrograph, abnormal gemmulosclere (g) of Ephydatia muelleri from USCL, with long acerate extensions at
both rotular ends with many spines; (i) SEM micrograph, abnormal gemmulosclere (g) of Ephydatia muelleri from
USCL, with long acerate extensions at both rotular ends with many spines and deeply subdivided shaft ray; (j) SEM
micrograph, abnormal gemmulosclere (g) of Ephydatia muelleri from USCL, with long acerate extensions at both rotular
ends with many barbs, secondary shaft rays, and distorted rotules.

(SEQU), Melack et al. (1987) and Melack
and Stoddard (1991) reported S. lacustris
from oligotrophic Emerald Lake at an elevation of 2800 m. From subalpine String Lake,
Wyoming (elevation 2090 m), of Grand Teton
National Park (GRTE) in the middle Rocky
Mountains, Poirrier et al. (1987) reported S.
lacustris. Barton and Addis (1997) collected
E. muelleri and S. lacustris from Montana
sites at maximum elevations of 2537 m and
2911 m, respectively.
Spicule Dimensions and Characteristics
Table 1 reports ranges, means, and standard errors of the length and width of
megascleres and normal as well as extendedshaft gemmuloscleres of E. muelleri from
USCL. Lengths of straight or slightly curved
acanthoxea megascleres (182.5–335.8 mm)
with and without spines were slightly shorter
than those reported by Penney and Racek
(1968) (200–350 mm) but somewhat longer
than those reported by Ricciardi and Reiswig
(1993) (171–311 mm). Williams (1977, 1980)
indicated a range for Colorado sponge megascleres of 200–350 mm, which is exactly the
same as that of Penney and Racek (1968) as
summarized by Annesley et al. (2008). SEM

micrographs of normal and malformed (“T”ended) megascleres of E. muelleri are shown
in Fig. 3a and 3b. Most megascleres were
moderately spined except at the tips, although
some were smooth, entirely devoid of spines.
Microscleres were absent. The diameter of the
spherical or subspherical gemmules fell within
the range (350–450 mm) reported by Penney
and Racek (1968). The ranges of length for
normal gemmulosclere birotules (Fig. 3c) from
USCL (13.2–23.1 mm) were slightly longer
than those of Penney and Racek (1968) (12–20
mm) and about midrange for Ricciardi and
Reiswig (1993) (8–28 mm). Williams (1977)
described some shorter gemmulosclere lengths
(means of 10 mm and 11 mm) of E. muelleri
from 2 ponds in Boulder County, Colorado.
Williams (1977) also reported apparent ecotypic variation of E. muelleri from Haviland
Lake (La Plata County, CO), in which mean
length and width of smooth pointed acerate
megascleres were 360 mm and 14 mm, respectively, and the birotules had spines on the
shaft and rotules with “numerous shallow
incisions often [resulting in] a slight concavity
in shape.” Old (1932) diagrammed many atypical or malformed gemmule spicules of E.
muelleri from Michigan. Penney and Racek
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(1968) reported that malformations of E.
muelleri gemmuloscleres were “frequent in
adverse habitats.” Apparent ecotypic variation was observed for malformed or atypical
gemmuloscleres from USCL (Fig. 3d–j). The
stout birotules in USCL usually had flat,
umbonate rotules “with fewer than 12 teeth
deeply incised into long rays” (Reiswig et al.
2010) and small spines at the ends of most
rays, but commonly the rays were bifid at
their ends (Fig. 3d). Other atypical gemmuloscleres had a spined shaft that was extended
at one end, being more than just an umbonate rotule (Fig. 3e, f). Malformations also
included 2-spined shaft extensions at each
rotular end (Fig. 3g, h), including some with
secondary teeth or rays with spines located
along the shaft between the distorted rotules
(Fig. 3i, j). The mean length of gemmuloscleres with single extended shafts was longer
than normal, and those with double extended
shafts were longer than both normal and single extended shaft birotules (Table 1).
Mean lengths and widths of megascleres,
gemmuloscleres, and microscleres of S. lacustris from USCL, along with standard errors
and ranges, are given in Table 1. Spicule
lengths for megascleres, microscleres, and
gemmuloscleres from both Penney and Racek
(1968) and Ricciardi and Reiswig (1993) were
reported by Annesley et al. (2008). Megascleres were smooth, slightly curved oxeas
(Figs. 4a, b) with a range in length from 197.1
mm to 343.1 mm, and in width from 5.8 mm
to 14.6 mm (Table 1). When compared to Penney and Racek’s (1968) worldwide range data
(length: 200–350 mm; width: 6–18 mm), the
length and width of USCL megascleres were
very similar. The diameters of the spherical
gemmules were within the range that Penney and Racek (1968) reported (500–800 mm).
Gemmuloscleres of S. lacustris from USCL
were slightly to moderately curved oxeas to
strongyles (Fig. 4a, b), with recurved spines
concentrated either at the ends as described
by Ricciardi and Reiswig (1993) or distributed
uniformly along the shaft as detailed by Poirrier (1976). They also had a range in length
and width of 46.7–125.6 mm and 5.8–7.3 mm,
respectively. The frequency of gemmulosclere
spine placement varied among the 4 sponges,
some with more recurved spines confined to
the ends, and others with more spines distributed along the shaft. This gemmulosclere

variability may be an example of ecotypic
variation. The microscleres of S. lacustris were
slightly curved fusiform oxeas (Fig. 4a) covered with small asterose spines, similar to
those described by Lopp et al. (2007); the
range in length and width was 70.1–90.5 mm
and 3.3–5.9 mm, respectively. The minimum
length of the USCL gemmulosclere range was
only 46.7 mm, compared to the worldwide
minimum of 80 mm, and the microsclere
maximums for length and width were less
than the worldwide values. Williams (1979)
reported that Colorado sponges often had
“reduced spicule sizes.”
Limnological Conditions and Water Quality
On 11 September 1994 at the outlet of
USCL, maximum subsurface (depth 0.25 m)
water temperature was 14.0 °C; on the same
date at the southwest sampling site (S in Supplementary Material 1), the temperature was
13.1 °C. Published temperature ranges for E.
muelleri include 16 °C to 24 °C from North
America (Harrison 1974), 9 °C to 24 °C from
eastern Canada (Ricciardi and Reiswig 1993),
and 10 °C to 27 °C from Norway (Økland and
Økland 1996). For S. lacustris, temperature
ranges from the same 3 areas ranged from
12 °C to 37 °C, 4 °C to 25 °C, and 9 °C to 27 °C,
respectively. Barbeau et al. (1989) reported
that the gemmules of E. muelleri remained
hatchable after exposure to −80 °C for 63 d.
Independent of temperature, the gemmules
of E. muelleri remained viable after 4 months
of anoxia (Reiswig and Miller 1998).
Circumneutral pH values in the range
6.61–7.19 were recorded for USCL. Northern Holarctic pH ranges for E. muelleri
included 6.1–8.5 (Harrison 1974), 5.9–9.1
(Ricciardi and Reiswig 1993), and 5.7–9.6
(Økland and Økland 1996); for S. lacustris
pH ranges were 5.3–9.0 (Harrison 1974),
4.8–9.0 (Ricciardi and Reiswig 1993), and
4.2–9.6 (Økland and Økland 1996). Similar
to our data, Williams (1977) realized much
narrower pH ranges for both species in Colorado (E. muelleri, pH 6.5–8.2; S. lacustris,
pH 6.6–8.0) than elsewhere in North America and North Europe.
As expected, the EC range for USCL was
narrow and low (28.2–39.7 mS/cm). Published
EC ranges for E. muelleri include 31–100
mS/cm from North America (Harrison 1974)
and 9.9–286.9 mS/cm from Norway (Økland

a
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Fig. 4. (a) SEM micrograph of Spongilla lacustris from Upper Sand Creek Lake (USCL), common megascleres (M),
microsclere (m), and gemmulosclere (g) with spines clustered at ends; (b) SEM micrograph of Spongilla lacustris from
USCL, common smooth megascleres (M) and gemmulosclere (g) with spines spaced along entire shaft length.

and Økland 1996); for S. lacustris, EC ranges
include 9.4–470.0 mS/cm (Harrison 1974), 3–8.3
mS/cm from Emerald Lake, California (Melack
et al. 1989), and 5.3–761.4 mS/cm (Økland
and Økland 1996). In the Austrian Danube,
Dröscher and Waringer (2007) reported that
macrosclere lengths of E. muelleri were positively, but not significantly, correlated with EC

(Spearman correlation coefficients), while macrosclere lengths of S. lacustris were negatively
and significantly correlated with EC (P < 0.01).
The results of anion, cation, and nutrient
analyses are cited in Tables 2 and 3. The
extremely low levels of total alkalinity, EC,
calcium, magnesium, sodium, potassium, chloride, and sulfate in USCL are indicative of

0.166

USCL (1) 20 Sep 1992
SE Shore
[S]

0.085
0.085

0.119
0.129
0.123

USCL (2) 11 Sep 1994
SE Shore
[S]
Outlet
[O]

USCL (3) 15 Oct 2012
Inlet – S.E. [I]
SE Shore
[S]
Outlet
[O]

0.105

0.306

USCL (1) 8 Oct 1989
SE Shore
[S]

USCL (2) 31 Jul 1994
SE Shore
[S]

Cl−

Site

14.8
14.4
14.4

12.9
12.8

12.2

13.4

15.0

HCO3−

3.248
3.233
3.239

1.738
1.738

1.782

2.245

2.569

SO42−

0.396
0.395
0.400

0.182
0.291

—

0.253

0.295

F−

0.446
0.431
0.444

BDL
BDL

BDL

0.486

BDL

NO3−

—
—
—

BDL
BDL

BDL

BDL

BDL

PO43−

0.342
0.335
0.334

0.260
0.264

0.240

0.294

0.308

Total anion
(mEq/L)

TABLE 2. Anion concentrations (mg/L) in unfiltered lake water (total fraction) of each site. The number of stations sampled for each site is given in parentheses. Abbreviations of
sampling sites for Upper Sand Creek Lake (USCL) are enclosed in brackets. Dates of water sampling were the same as when sponges were collected except in 2012. See Supplementary Material 1 for locations of water sampling sites. A dash indicates that the parameter was not analyzed. BDL = below detection limit.
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Ca2+

5.37

5.25

4.11

4.51
4.51

6.16
6.32
6.35

Site

USCL (1) 8 Oct 1989
SE Shore
[S]

USCL (1) 20 Sep 1992
SE Shore
[S]

USCL (2) 31 Jul 1994
SE Shore
[S]

USCL (2) 11 Sep 1994
SE Shore
[S]
Outlet
[O]

USCL (3) 15 Oct 2012
Inlet – S.E. [I]
SE Shore
[S]
Outlet
[O]
0.44
0.50
0.45

0.42
0.40

0.40

0.48

0.44
0.44
0.45

0.34
0.33

0.31

0.38

0.45

K+

0.40
0.43
0.39

0.51
0.50

0.45

0.68

0.79

Na+

0.371
0.386
0.383

0.290
0.284

0.266

0.343

0.364

Total cation
(mEq/L)

−4.1
−7.1
−6.8

−5.6
−3.7

−5.1

−7.6

−8.4

% IBE

39.6
39.7
39.4

28.7
28.2

30.1

31.6

33.8

EC
(mS/cm)

—
—
—

1.443
0.903

1.246

1.240

1.488

SiO2
(mg/L)

—
—
—

7.02
6.96

7.19

6.63

6.61

pH

♦

0.51

Mg2+

TABLE 3. Cation concentrations (mg/L), and specific conductivities or ECs (mS/cm at 25 °C) in unfiltered lake water (total fraction) of Upper Sand Creek Lake (USCL). The number
of stations sampled for each site is given in parentheses. Abbreviations of sampling sites for each lake are enclosed in brackets. Dates of water sampling were the same as when
sponges were collected except in 2012. All percent ion balance errors (% IBE) were <10% and acceptable. See Supplementary Material 1 for locations of water sampling sites. A dash
indicates that the parameter was not analyzed.
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ultraoligotrophic conditions. We compared 6
physicochemical parameters from USCL
(Tables 2, 3) with a similar data set from
Williams (1977) for 10 of 64 Colorado populations of S. lacustris and for 17 of 64 populations of E. muelleri. For the latter species,
our alkalinity, calcium, EC, pH, and silica
(SiO2) data fell within range of Williams’s
levels for alkalinity (8.5–119.0 ppm), Ca
(1.7–19.9 ppm), EC (13.1–47.3 S/cm), pH
(6.5–8.2), and SiO2 (0.15–6.69 ppm). Our Mg
concentrations (0.40–0.51 ppm) were slightly
below Williams’s minimum (0.6–14.0 ppm).
With the exceptions of EC and Mg, our S.
lacustris data were bracketed by the ranges
cited by Williams (1977). All USCL EC levels (Table 3) for S. lacustris (range 28.2–39.7
mS/cm) were greater than the Williams maximum of the range 5.2–21.0 mS/cm; similar
to E. muelleri sites, all 8 Mg concentrations
were less than the Williams minimum in the
range 0.6–2.8 ppm. Interestingly, Williams
(1977) also reported ecotypic spicule variation of E. muelleri in Haviland Lake, cited
earlier, that had a Mg level (50 ppm) greater
than Ca (12.6 ppm) with a Ca:Mg molar
ratio (mmol Ca ⋅ L−1/mmol Mg ⋅ L−1) of 0.415;
the mean molar ratio for USCL was 0.132/
0.0185 = 7.14. Four publications included
ranges for both Ca and Mg levels for S.
lacustris: Harrison (1974)—0.16–178.0 mg
Ca/L, 1.05–9.4 mg Mg/L; Melack et al.
(1989)—0.38–0.70 mg Ca/L, 0.02–0.07 mg
Mg/L; Ricciardi and Reiswig (1993)—0.4–60
mg Ca/L, 0.4–64 mg Mg/L; and Økland and
Økland (1996)—0.7–52.5 mg Ca/L, 0–20.3 mg
Mg/L. It is noteworthy that all the USCL Ca
concentrations fell within the range 4.11–
6.35 mg/L, which is considerably greater
than the aforementioned minimums. Mg minimum levels in USCL (overall range 0.40–
0.51 mg Mg/L), however, were slightly below,
the same, or slightly above the other 4 minimums. For E. muelleri, we found the following Ca and Mg ranges: Ricciardi and Reiswig
(1993)—18–78 mg Ca/L, 12–70 mg Mg/L;
and Økland and Økland (1996)—0.7–52.5 mg
Ca/L, 0–8.6 mg Mg/L. The former range was
much greater than for Ca and Mg in USCL,
while the latter range minimums were less
than in USCL, and the maximums were 10 to
20 times higher. For Wisconsin waters, Jewell (1939) indicated that Ca and not Mg limited sponge dispersal. Strekal and McDiffett

(1974) found that in the laboratory, “normal”
sponge growth could be maintained with
levels of 0.2 mg Ca/L and 0.05 mg Mg/L.
Additionally, they reported that the absence
of either Ca or Mg greatly reduced the size
of hatched sponges from gemmules, while
the absence of silicate, carbonate, or sulfate
did not.
Few authors reporting on spongillids
(order Spongillida, family Spongillidae) included Na and K levels in their data sets.
Harrison (1974) provided a summary range
of K for North American S. lacustris sites of
1.3–3.7 ppm, while Melack et al. (1989)
included both Na and K concentrations for
S. lacustris in Emerald Lake, 0.18–0.44 Na
mg/L and 0.08–0.21 K mg/L. Both cations
were considerably lower in Emerald Lake
than in USCL (Table 3). No comparative
environmental Na or K data could be found
for E. muelleri.
Silica levels in Emerald Lake, California
(Melack et al. 1987, 1989), were compared to
levels in USCL because of the uptake and
incorporation of this compound in skeletal
and gemmule spicules of freshwater spongillids such as S. lacustris and E. muelleri. Jewell (1935) indicated that silica could be a
possible limiting factor for spongillids with
heavily siliconized skeletal networks; she
concluded that for E. muelleri in Wisconsin
waters, an apparent benchmark minimum of
1.6 ppm was required. Harrison (1974)
reported a North American minimum of 0.7
ppm, while Williams (1977) indicated E.
muelleri growing and persisting in habitats
with silica concentrations as low as 0.15 ppm.
Subsurface silica concentrations in Emerald
Lake ranged from 0.901 mg/L to 3.485 mg/L
(15–58 mmol/L) (Melack et al. 1987). Interestingly, the silica in USCL ranged from
0.903 mg/L to 1.488 mg/L (Table 3), not too
dissimilar from the silica in Emerald Lake.
The latter site had a slightly greater range
because silica water quality data were collected year-round. Jewell (1935) and Harrison (1974) indicated that E. muelleri “is
restricted to high silica concentrations”; this
and other data sets indicate otherwise. In
Belgium, the silica ranges were 1.2–22.4 mg/L
for E. muelleri and 1.1–25.9 mg/L for S.
lacustris. In Montana, Barton and Addis (1997)
reported that ranges for E. muelleri and S.
lacustris were identical (2.1–37.9 mg/L); their
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minimum levels were greater than the maximum for USCL. The lowest published silica
minimum for S. lacustris was 0.0 ppm from
Harrison (1974); no mention of unusual
spicule size, configuration, or abundance was
indicated under such low concentrations.
Williams (1977, 1979) found a silica range
for Colorado sites of 0.38–4.02 ppm for S.
lacustris and 0.15–6.69 ppm for E. muelleri,
and concluded that “many Colorado sponges
demonstrated reduced spicule sizes, possibly influenced by low silica waters and low
habitat temperatures.”
Alkalinity as HCO3− for USCL ranged
from 12.2 mg/L to 15.0 mg/L (239–294 meq/L)
(Table 2). The buffering capacity of USCL
was not below the 200 meq/L benchmark of
Turk and Adams (1983); however, with future
acidic atmospheric input, the lake may show
elevated sensitivity. In Colorado, Williams
(1977) recorded alkalinity ranges of 8.5–119.0
mg/L and 8.5–22.5 mg/L for E. muelleri and
S. lacustris, respectively. A much broader
range occurred with E. muelleri throughout
Colorado than in USCL. For E. muelleri in
North America, Harrison (1974) reported a
range of 6.5–28.0 mg/L, and for S. lacustris, a
range of 90–170 mg/L. Melack et al. (1989)
reported extremely low levels of acid-neutralizing capacity or alkalinity (1.22–2.93 mg
HCO3−/L) from Emerald Lake, in which S.
lacustris occurs. With a pH range of 5.6–6.6,
it appears that Emerald Lake is highly vulnerable to atmospheric acidification.
Chloride and sulfate are 2 anions that are
seldom reported in freshwater sponge data
sets. Lucey and Cocchiglia (2014) reported
both anions from southern Irish rivers in
which E. muelleri and S. lacustris occur. The
chloride and sulfate ranges for E. muelleri
were 14–38 mg/L and 11.2–21.2 mg/L, respectively, and for S. lacustris, 13–31 mg/L
and 3.4–21 mg/L, respectively. In USCL, the
chloride range (0.085–0.306 mg/L) was exceptionally low compared to the 2 minimums
from Irish waters. For sulfate, the minimum
of Irish rivers with E. muelleri was about 3.4
times greater than the maximum (range 1.782–
3.248 mg/L) from USCL. The sulfate minimum for Irish waters with S. lacustris (3.4
mg/L) was similar to the USCL maximum
(3.248 mg/L). Harrison (1974) provided some
chloride and sulfate ranges for S. lacustris
across North America (5.3–9.8 mg Cl/L and
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5.06–37.0 mg SO42−/L, respectively) that
were narrower than those from Europe.
Fluoride concentrations from spongillid
habitats were not found in our search of the
literature. In USCL the fluoride range (0.182–
0.400 mg/L) was low compared to the naturally occurring range (0.1–10 mg/L) in lentic
and lotic habitats.
All analytical results for total phosphate
levels were below detection limits (BDL)
(<7.68 mg P/L). Ammonium (NH4+) concentrations were BDL (<0.003 mg/L) for all
USCL water samples as well. Many nitrate
analyses were also BDL (<0.2 mg/L). All
these BDL nutrient concentrations indicate
ultraoligotrophic open-season conditions. For
4 alpine lakes in Rocky Mountain National
Park, Baron (1983) reported a phosphate concentration range of 0.0–0.6 mmol/L, or the
equivalent 0.0–57 mg/L.
Status of Heavy Metals and Pollution
From field and experimental studies in Belgium, Richelle-Maurer et al. (1994a, 1994b)
and Richelle et al. (1995) found that both
sponge species not only tolerated heavy metals (Ba, Cd, Co, Cr, Cu, Mn, Mo Ni, Pb, and
Zn) in ambient waters, but also exhibited
growth under such conditions; they concluded that both S. lacustris and E. muelleri
could “withstand high metal concentrations.”
The sponges also bioconcentrated several
metals. Our metal and metalloid data from
the waters of a pristine alpine lake were contrasted with those from unfiltered water
samples of Richelle et al. (1995) from a variety of lentic and lotic Belgian sites affected
by metal pollution (Table 4). Six of the 7 Belgian sampling stations supported actively
growing colonies of S. lacustris, E. muelleri,
or both species. Our analytical data sets and
those of Richelle et al. (1995) were determined using ICP-MS methods. In addition to
Ba, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, V, and
Zn, we included U and the metalloids As, Se,
and Hg (Table 4). Concentrations for V, Co,
Zn, As, Se, Cd, Hg, and Pb were below detection limits (BDL). For all metals, levels in the
ambient water of USCL were either much
lower or nearly equivalent to the minimums
reported for the Belgian sites. Interestingly,
both S. lacustris and E. muelleri are able to
sustain growth and viability in the presence
of either high metals pollution, as in Belgium,

V
Cr
Mn
Co
Ni*
Cu*
Zn
As
Se
Mo
Cd
Ba
Hg
Pb
U

Metal(loid)

BDL; <0.230
0.88–1.02
7.91–9.88
BDL; <0.107
0.24–0.34
1.86–2.48
BDL; <1.99
BDL; <0.087
BDL; <0.222
0.61–0.70
BDL; <0.045
6.17–6.38
BDL; <0.036
BDL; <0.048
0.08–0.15

Dissolved concentration
(filtered, range)
BDL
0.95 +
– 0.08
9.24 +
– 1.15
BDL
0.31 +
– 0.06
2.24 +
– 0.34
BDL
BDL
BDL
0.64 +
– 0.05
BDL
6.26 +
– 0.11
BDL
BDL
0.11 +
– 0.04

Dissolved concentration
(filtered, x– +
– SD)
BDL: <0.230
4.49–12.48
24.11–26.05
BDL; <0.107
0.223–0.34
1.97–2.15
BDL; <1.99
BDL; <0.087
BDL; <0.222
0.63–0.85
BDL; <0.04
6.88–7.26
BDL; <0.036
BDL; <0.048
0.21–0.24

Total concentration
(unfiltered, range)
BDL
7.28 +
– 4.51
25.24 +
– 1.01
BDL
0.26 +
– 0.07
2.05 +
– 0.09
BDL
BDL
BDL
0.71 +
– 0.12
BDL
7.11 +
– 0.20
BDL
BDL
0.22 +
– 0.02

Total concentration
(unfiltered, x– +
– SD)

0.93–4.64
1.30–26.95
16.00–1744.00
0.33–2.32
2.40–22.47
0.99–7.23
1.30–988.64
no data
no data
0.29–84.60
0.05–6.75
20.58–136.00
no data
0.26–107.30
no data

Richelle et al. (1995)
(unfiltered, range)

TABLE 4. Metal and metalloid concentrations (mg/L) in unfiltered lake water (total fraction) and filtered lake water (dissolved fraction) of Upper Sand Creek Lake (USCL) from 3
locations, and in unfiltered water from 7 Belgian sites. See Supplementary Material 1 for locations of water sampling sites. Metals and metalloids are listed in order of increasing
atomic mass. BDL = below detection limit. The arithmetic sample mean and the standard deviation are written as x– +
– SD. An asterisk (*) indicates a metal having the mean dissolved
concentration greater than the total level.
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or, at the other extreme, under very low or
nondetectable metal or metalloid concentrations in USCL. Richelle et al. (1995) found
Pb more toxic than Cu and Zn, with a sensitivity threshold of 32 and 21 mg/L (ppb) for
S. lacustris and E. muelleri, respectively. In
USCL, total (unfiltered) Pb levels were BDL
(<0.048 ppb). Belgian Zn thresholds for S.
lacustris and E. muelleri were 163 ppb and
49 ppb, respectively, and Belgian Cu thresholds were 63 ppb and 49 ppb, respectively
(Richelle et al. 1995). In contrast, the USCL
unfiltered or total concentrations of Zn and
Cu were BDL (<1.99 ppb) and ranged from
1.97 ppb to 2.15 ppb, respectively. In the
unfiltered waters of Belgian lentic and lotic
sites, Cd ranged from 0.03 ppb to 0.55 ppb
for E. muelleri from 22 sites and from 0.03
ppb to 0.64 ppb for S. lacustris from 27 sites
(Richelle-Maurer et al. 1994b); however, in
USCL, Cd concentrations were BDL (<0.04
ppb) at all 3 sampling sites.
Sponge Survival and Dual Roles of Gemmules
Two gemmule characteristics of both
sponge genera may enable the genera to disperse to new habitats and persist in cold
temperate environments (Manconi and Pronzato 2016a). The gemmular thesocytes ladened
with yolk-containing platelets are binucleate
in spongillids; dimensions of the thesocytes
and their platelets and nuclei “are about twice
those of the marine counterparts” (Simpson
1984). In addition, as gemmules begin hatching, some thesocytes develop a tetranucleate
condition that later becomes mononucleate
(Simpson 1984). Enhancement of gemmule
maturation of both S. lacustris and E. muelleri is accelerated by vernalization (Berquist
1978). However, with S. lacustris, increased
germination after diapause was greater for
brown than for green gemmules, which
appear not to respond to vernalization. Gemmule polymorphism of 2 types was observed
in all 4 colonies of S. lacustris from USCL.
In their New Hampshire collections of S.
lacustris, Gilbert and Simpson (1976) rarely
found brown, thick-walled gemmules and regularly found green, thin-walled gemmules.
We did not observe any green gemmules in
any of our living specimens for both species;
however, when we viewed the dried S. lacustris colonies at 570×, we found numerous
gemmules with abundant gemmuloscleres in
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the pneumatic layer (Harrison and De Vos
1991) and many gemmules without obvious
gemmuloscleres. The form of gemmule polymorphism we observed was different from
that of brown versus green gemmules relative
to the presence or absence of zoochlorelle
described by Gilbert and Simpson (1976).
Simpson and Fell (1974) indicated that gemmule formation of S. lacustris “is influenced
by environmental factors . . . decreasing temperature and daylength.”
The environmental aquatic conditions in
USCL that S. lacustris and E. muelleri are
exposed to could be described as extremely
harsh and depauperate, but pristine. The
shortened seasonal thermal regime (ice-free
July to October) of an alpine lake environment
should be an apparent challenge for successful sexual and asexual reproduction of both
sponge species. In addition, the level of
pelagic bacteria, algae, fine POM, and DOM
is minimal for filter-feeding spongillid colonies living on the undersides of rocks with
little or no exposure to solar radiation. Because of cold, wind, snow, and ice, we were
unable to observe the condition of the sponges
during winter and early spring. Apparently the
gemmules on the undersides of the flat rocks
from the previous fall reestablish the mother
sponge in the following open season, as
described by Pronzato and Manconi (1995). If,
however, the concentrations of silica and Ca
are optimal and no significant levels of toxic
metals or metalloids are present, these 2
sponge species are able to survive year after
year. All efforts should be made to safeguard
the physicochemical condition of the USCL
habitat and its poriferan fauna.
SUPPLEMENTARY MATERIAL
Two online-only supplementary files accompany this article (https://scholarsarchive.byu
.edu/wnan/vol79/iss3/6).
SUPPLEMENTARY MATERIAL 1. Aerial surface map
of Upper Sand Creek Lake (USCL) showing
water-sampling sites.
SUPPLEMENTARY MATERIAL 2. Operating conditions for the Agilent 7500ce ICP-MS.
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